A new Ni-base superalloy VDM-780 Premium was developed for higher service temperatures (above 650°C), keeping the good processing characteristics of alloy 718. This article presents, for the first time, the morphology and the microstructure characterization of this newly developed superalloy VDM-780 by means of scanning electron microscopy (SEM) and neutron and X-ray diffraction (XRD), after three different aging treatments performed for setting up different microstructures. Results show the presence of the c-matrix, c¢-hardening phase, and a high-temperature phase whose structure is compatible with d and g phases but whose exact crystal structure or the possibility of two different high-temperature phases still remains open. Rietveld refinements have allowed phase identification, determination of the lattice constants, and the weight fractions of constituting phases and shown that the presence of the different phases, amount, and morphology highly depend on the aging treatments. No traces of the c¢¢ phase are observed regardless of the heat treatment. In situ neutron diffraction (ND) studies at high temperature have allowed the determination of the solvus temperatures of the different phases present in each material after the corresponding aging treatment as well as the study of the evolution of their lattice parameters with temperature. The Vickers hardness (HV) of the three different samples was measured, and the results are correlated with the amount and particle size of the c¢-hardening phase of each sample.
I. INTRODUCTION
NI-BASED superalloys are widely used for high-temperature applications, as parts for jet engines, due to their good mechanical properties at high temperatures together with their resistance to degradation in corrosive or oxidizing conditions. [1, 2] Among these, Alloy 718 is the most widely used Ni-based superalloy, due to its unique mechanical properties and good processing characteristics. [3] In the 718-type Ni-based superalloys, the austenitic matrix (c phase) is strengthened by intermetallic precipitates of Ni 3 Al (c¢, fcc L1 2 structure) and Ni 3 Nb (c¢¢, bct DO 22 structure), and the existence of coprecipitates of both phases with different morphologies (plate, needle, cube, or disc shape) was also observed. [4, 5] Other phases that can also be formed are Ni 3 Nb-based (d, orthorhombic DO a structure) and Ni 3 Ti-based (g, hexagonal DO 24 structure). The limiting service temperature (650°C) of alloy 718 is due to the instability of the c¢¢ phase, which transforms into d phase, and the alloy loses its creep resistance. The existence of the different phases and the quantity, shape, and size of the different precipitates and coprecipitates depend on composition, processing conditions, and heat treatment. It is especially crucial to control the evolution of the different phases at high temperature in order to tailor the mechanical properties. [6] [7] [8] [9] The aim of increasing the operation temperature of the Ni-based superalloys, which allows engine manufacturers to improve fuel efficiency and, thus, results in reduced emissions, forces the development of materials stable at higher temperatures. The last few decades the scientific community has put great effort into the development of Ni-based alloys with operation temperatures above 650°C while keeping the good processing C. SOLI´S, J. MUNKE, and R. GILLES are with the Heinz MaierLeibnitz Zentrum (MLZ), TU Mu¨nchen, Lichtenbergstr. 1 characteristics of alloy 718. WASPALOY* has a high amount of c¢ phase, which allows its use at higher temperatures; on the other hand, the high c¢ solvus temperature produces poor hot formability. [10] The development of the alloy 718Plus, in which half of the Fe of the alloy 718 is replaced by Co, improves the performance at high temperatures and is expected to be easier to process and to weld. [11] With improved composition, new, VDM-780 Premium (Ni, Co, Cr, Nb, Mo, Al, Fe, and Ti) was developed for higher service temperature and its structure and performance are under investigation. [10, 12] This work presents the structural characterization of the new VDM-780 Premium after different aging conditions by means of neutron diffraction (ND) and X-ray diffraction (XRD) at room temperature (RT) and elevated temperatures. The morphology of the different phases is studied by scanning electron microscopy (SEM). Furthermore, the solvus temperature of the different phases forming this alloy, i.e., the c¢-hardening phase and the high-temperature phase, is determined by means of in situ high-temperature ND.
II. EXPERIMENTAL
Three different samples of the Ni-based superalloy VDM-780 Premium, with the same composition (25 pct Co, 18 pct Cr, < 3 pct Fe, 3 pct Mo, 5.4 pct Nb, 2 pct Al, 0.2 pct Ti wt pct, balance of Ni) but after three different aging conditions, are investigated in this work. The aging conditions were performed to form diverse microstructures, i.e., age condition 1 (sample VDM-780-1) with only high-temperature phase, age condition 2 (sample VDM-780-2) with mainly c¢-hardening phase, and age condition 3 (sample VDM-780-3) with a contribution of both c¢-hardening precipitates and the high-temperature phase that gives rise for fine grain forgeability. The description of the aging conditions is summarized in Table I with FC = furnace cooling, WQ = water quenching, and AC = air cooling.
The morphology was investigated using a field emission-scanning electron microscope (FE-SEM, Zeiss LEO 1550 Gemini) with an InLens detector, and the elemental analysis was carried out with energy-dispersive X-ray spectroscopy (EDX, Helios NanoLab 650, FEI). XRD patterns were recorded in Bragg-Brentano geometry by using a PANalytical Empyrean high-resolution powder diffractometer with Mo K a radiation source (k = 0.7107 Å ) for deep penetration depth at the Materials Science Laboratory of Heinz Maier-Leibnitz Zentrum (MLZ).
ND measurements were performed in Debye-Scherrer geometry for phase analysis at RT at the high-resolution powder diffractometer SPODI at MLZ. [13, 14] Neutrons with a wavelength k of 1.548 Å from the Ge (551) monochromator were incident on the cylindrical probes of 6 mm in diameter and 40 mm in length. For minimization of the preferred orientation effect on the diffraction pattern, the sample placed into a thin-wall (0.15 mm) vanadium can of 7 mm in diameter was constantly rotated during data collection. Each sample was measured for 4 hours.
For the determination of the solvus temperature and in order to follow the evolution of the lattice parameters with temperature, in situ ND measurements at high temperature were performed on cylindrical samples of 6 mm in diameter and 20 mm in length (threaded at one end to mount on the furnace sample stick) at the SINQ spallation source of the Paul Scherrer Institute (PSI (Villigen, Switzerland)) using the high-resolution diffractometer for thermal neutrons (HRPT). [15] Measurements were performed by using a water-cooled furnace with a tantalum foil heater tube and two radiation shields within the vacuum chamber, which can reach up to 1125°C, and by using a wavelength k of 1.89 Å , a 2h range from 10 to 160 deg, and 2 hours of measuring time for each temperature. The data evaluation of diffractograms was performed with Rietveld refinement [16] using the Highscore Plus software [17] for the XRD and the Fullprof software [18] for the ND measurements.
The different structures were extracted from Rietveld refinement, including lattice parameters and weight fractions. Where possible, the crystallite average sizes were also found by taking into account that the full-width half-maximum (FWHM) of the peaks is influenced by the size of the particles if the size is clearly below 100 or 20 nm when using XRD or ND, respectively, using the Scherrer equation [19] :
where b is the FWHM of the diffraction peaks after correction of instrumental broadening and taking into account the profile shape; k is the wavelength, h is the diffraction angle, and t is the average crystallite size. The lattice misfit, d, between the c-matrix and the c¢-hardening phase, which is defined as the relative difference between the lattice parameters of the c¢ precipitates and the c matrix, is also determined [20] :
where a is the lattice parameter of the c and c¢ phases, respectively. The Vickers hardness (HV) tests were performed with a Struers DuraScan 20 Microhardness tester by using two different test forces, 29.42 N (HV3) and 98.07 N (HV10), along central lines of plate samples.
III. RESULTS AND DISCUSSION
The morphology of the three different samples (same composition but with the aging conditions described in Table I ) can be observed in SEM images of Figure 1 (with two different magnifications). Sample VDM-780-1 shows big grains of the c-matrix together with some plate-and needlelike precipitates of around 2-to 3-lm length and a thickness of a few hundred nanometers, assigned to the high-temperature phase. In contrast, sample VDM-780-2 shows very small precipitates (size< 20 nm) related to c¢ and just a few platelike precipitates (a bit shorter than those of sample 1) of the high-temperature phase. Sample VDM-780-3 shows precipitates of different sizes ranging from the smallest (~10 nm) to intermediate (20-to 100-nm) sizes that can be associated with the c¢-hardening phase, and also a smaller amount of large platelike precipitates (~0.5 9 4 lm 2 ) similar to those observed in sample VDM-780-1 that can be assigned to the high-temperature phase.
A more detailed SEM image of a high-temperature precipitate (from sample VDM-780-3) can be observed in Figure 2 (a). Figure 2(b) shows two different areas analyzed by EDX: in yellow, the area of the high-temperature phase whose EDX analysis is shown in Figure 2 (c); and in blue, the area of the matrix whose corresponding EDX analysis is shown in Figure 2(d) . The big plate-and needlelike high-temperature precipitates are rich in Nb, Ti, and Al, when comparing EDX analysis and by taking into account of the nominal composition of the alloy. This fact agrees with the expected composition of both high-temperature precipitates d-Ni 3 Nb(Ti,Al) and g-Ni 3 Ti or Ni 6 AlNb. [21] XRD patterns of the three samples (with the same composition but with different aging conditions listed in Table I ) are depicted in Figure 3 . Bragg reflections of the c-matrix (ICSD-102819), c¢-hardening phase (ICSD-58017), d (ICSD-105176), and g (ICSD-645124) high-temperature phases are implemented as simulation for comparison at the bottom. Patterns show Bragg reflections of the c-matrix, c¢-hardening phase, or high-temperature phases d and g, but no trace of the c¢¢-hardening phase, as is characteristic for the alloy 718 observed after any of the studied aging conditions. It is also worth noting that the phases present in the material and their volume fractions depend on the aging condition. Thus, sample VDM-780-1 only shows c-matrix, while sample VDM-780-2 also shows c¢-hardening phase. Finally, the aging condition of sample VDM-780-3 gives rise not only to the c-matrix and the c¢-hardening phase but also shows Bragg reflections that can be ascribed to both g and d high-temperature phases. Note that the small peak at 2h to 17.15 deg and labeled with Al is due to the aluminum holder.
In order to analyze deeply the structure of this new alloy, ND measurements were performed because neutrons allow study of a real bulk volume (of the order of cubic centimeters) as compared to essentially the surface analysis provided by X-rays. High-resolution ND patterns measured at RT on the SPODI instrument (MLZ) of the three different samples are plotted in Figure 4 . Similar to the results observed by XRD, the ND patterns of the different VDM-780 samples possess additional peaks along with the fundamental reflections of the c-phase matrix (marked with black rhombus in Figure 4 ) and the presence and volume fraction of the different phases depend on the aging treatment. The additional peaks can be indexed corresponding to the c¢-hardening phase (: red solid circle), the d high-temperature phase (D: green triangle), and the g high-temperature phase (o: empty blue circle). It is also worth noting that, also by ND, no hint of the presence of c¢¢ is visible regardless of the aging treatment. The ND study shows some additional phases in the three samples in comparison with XRD analysis (due to the larger measured sample volume). Thus, sample VDM-780-1 presents, together with the c-matrix, some traces of the high-temperature phases (g and/or d), while samples VDM-780-2 and 3 also show c¢-hardening phase (although the amount of each phase differs for the two samples, as will be analyzed later). The obtained c-matrix, c¢-hardening phase, and d high-temperature phase agree with ThermoCalc predictions obtained for the alloy Ni-18.7Cr-2.96Mo-0.20Ti-2.0Al-5.4Nb-25.0Co (which is in the compositional range of Alloy 780), but from these calculations, no g high-temperature phase was expected for the low Ti content. [22] From these ND patterns, it can also be observed that the most intense reflections of both d and g high-temperature phases are located at close positions in scattering angle, which makes it very difficult to discriminate between both high-temperature phases or to assume the presence of both. In order to easily see this fact, Figure 5 shows the Rietveld refinement of sample VDM-780-1 by taking into account, together with the c-matrix, only the high-temperature d phase (a), only the high-temperature g phase (b), and both d and g high-temperature phases (c). It can be seen that, due to the very small amount of the high-temperature phase and the strong overlap of both hypothetical high-temperature phases, all three different refinements are quite similar (approximately the same R values when taking into account the errors).
Because it is not easy to discern between d and g high-temperature phases from the XRD and ND studies, the presence of both phases is assumed for the Rietveld refinement and the comparison of the three different samples is shown in Figure 6 . The red open circles show measured data, the black line the calculated data obtained from Rietveld refinement, and the lower blue line the difference between both data sets. The graphs also show the Bragg peak positions of the c matrix, c¢-hardening phase, and the g and d high-temperature phases (green markers from top to bottom). The lattice parameters of all the phases and weight fractions (weight percent) of each phase obtained from the Rietveld refinement of the ND patterns of the three samples are summarized in Table II. It is observed that lattice parameters depend slightly on the aging treatments, which give rise to the presence of different phases in the alloy with different particle sizes and volume fractions. From the Rietveld refinement, it was also possible to obtain an average crystallite size of 12 ± 2 nm of the c¢-hardening phase in sample VDM-780-2 using the Scherrer equation [1] .
The good strength properties of the Ni-based alloys are highly dependent on the misfit between the c-matrix and the c¢-hardening phase, which is defined with Eq. [2] The misfit at RT of the different samples, obtained from the data of Table II , are 0.482 and 0.485 pct for samples VDM-780-2 and 3, respectively (note that the aging treatment of sample VDM-780-1 does not give rise to c¢ precipitates).
In order to obtain the solvus temperature (T solvus ) of the constituting phases, in situ high-temperature ND measurements were performed at HRPT (PSI) from RT up to 1080°C. Figure 7 shows the ND patterns (2h from 25 to 85 deg) of all three samples measured at different temperatures, and the main Bragg reflections are indexed. From the disappearance of the Bragg reflections of the c¢ phase, best visible with the c¢(100) peak, which has no contribution of any other phase, it is found that the T solvus of the c¢ phase is in the range of 995°C to 1000°C for both samples VDM-780-2 and 3 (note that VDM-780-1 has no c¢ phase). Similarly, the T solvus of the high-temperature phases is in the range of 1020°C to 1030°C, as can be concluded from the disappearance of the peaks at 2h 56.7 and 77.6 deg, respectively. The obtained value of the T solvus of the c¢ phase, 995°C to 1000°C, is in good agreement with the ThermoCalc predictions obtained for the alloy Ni-18.7Cr-2.96-Mo-0.20Ti-2.0Al-5.4Nb-25.0Co (which is in the compositional range of Alloy 780). [22] However, the T solvus of the high-temperature phase is a bit lower than the predicted one (over 1100°C). [22] This can be ascribed to the increase with the temperature of the background in the ND patterns that do not allow seeing very small amounts of this phase in the patterns and the small difference in composition.
From the patterns, a slightly different behavior of some peaks assigned to the g and d high-temperature phases can be observed. This fact could suggest the existence of both high-temperature phases and a possible difference in the T solvus of them. In our future experiments, we will undertake measurements in order to discern the presence of the two different high-temperature phases, to stabilize one and to follow its evolution with the temperature.
From the Rietveld refinement of the in situ high-temperature ND patterns shown in Figure 7 , the lattice parameters were obtained and the results are presented as a function of temperature in Figure 8 . The lattice constants of c and c¢ phases slightly depend on the aging condition, while the misfit, which is similar for samples VDM-780-2 and 3, shows a slight decrease with increasing temperature, as it goes from 0.48 pct at RT to 0.45 and 0.44 pct at 950°C for samples VDM-780-2 and 3, respectively (note that sample VDM-780-1 shows no c¢ phase). This misfit decrease with temperature was observed previously in other superalloys with c/c¢ precipitate-strengthened microstructure [20, 23] and related to the dissolution of some of the c¢-forming elements, such that the c phase can equilibrate to its most stable composition. [24] Finally, in order to correlate the microstructure of the measured samples after the different aging treatments with their mechanical properties, the HV of the three different samples was measured and the results are summarized in Table III . It can be seen that HV values are in between 215 and 433 depending on the performed aging conditions. While sample VDM-780-1 shows the lowest HV, corresponding to the material without c¢-hardening phase, samples VDM-780-2 and 3 show similar HV values (431 ± 9 and 433 ± 4, respectively). For the explanation of the similar HV of the samples, both the amount of the c¢-hardening phase and the crystallite size of these hardening precipitates have to be taken into account. As shown in Table II , sample VDM-780-3 presents 35.0 wt pct of the c¢-hardening phase, while sample 2 gives only 15.7 wt pct. This would give rise to higher HV of the sample VDM-780-3 if they had similar microstructure, but from Rietveld refinement and SEM analysis, we know that the average crystallite size of the c¢-hardening phase in sample VDM-780-2 is in the nanometer region (12 ± 2 nm) while the precipitates in sample VDM-780-3 are much larger (up to a few hundred nanometers (refer to the SEM images of Figure 1) ). Thus, in sample VDM-780-2, the lower amount of c¢-hardening phase is compensated by a reduction of the particle size, which gives rise to similar values of HV as in sample VDM-780-3 (with higher amount but larger precipitate size).
IV. SUMMARY AND CONCLUSIONS
This article summarizes, for the first time, the morphology and the structural characterization of the new alloy VDM-780 Premium at RT and after three different aging treatments performed in order to form diverse (2) microstructures. The structural characterization by means of neutron and XRD includes phase identification, determination of the lattice constants, and weight fractions of constituting phases by Rietveld refinements; nevertheless, the exact crystal structure of the high-temperature phase or the issue of the presence of two different high-temperature phases still remains open. All these parameters are correlated to the morphology observed by SEM. The solvus temperatures of the different observed phases, as well as the evolution of the lattice parameters with the temperature, were determined by in situ high-temperature ND. Finally, the HV values of the three samples are determined and the results are correlated with the amount and particle size of the c¢-hardening phase of each sample.
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